The adhesion properties of a FeCrVN experimental tool alloy immersed in pure water and sodium chloride solution have been studied by Quantitative Nanomechanical Property Mapping to understand the influence of microstructure on corrosion initiation of this alloy. The approach used here allows early observation and identification of pre-pitting events that may lead to passivity breakdown of the alloy. Adhesion provides a good distinction between the different regions and we ascribe this to their vanadium and nitrogen contents. Finally, the prepitting is characterized by generation of small particles in specific regions of the surface with low chromium content.
Introduction
Formation and local breakdown of passive films on iron based alloys have long been a subject of interest [1] [2] [3] [4] [5] , reflecting the need for corrosion resistance of these metal materials. However, there is a difficulty associated with such studies, to whit that the thickness of these passive layers is normally below ten nanometers [6] , rendering the characterization of the layer properties a challenging issue. Different studies have been performed to analyze the composition, thickness and structure of such thin films with various surface sensitive techniques, for example ellipsometry and XPS (X-ray Photoelectron Spectroscopy) [7] [8] [9] . Subsequently, a model was proposed which explains passive films as being composed of a gel like structure containing a large amount of bound water, which gradually adopts a less hydrated structure over time [7] . Most surface sensitive analysis techniques require ultra high vacuum (UHV), thus it has been hard to ascertain the details of the thin passive film in the corrosive solution. Moreover, the mechanical properties of such nanometric thick passive films are not accessible by traditional techniques that provide bulk or micro-scale properties of the material.
Recently, a new atomic force microscopy (AFM) based technique, PeakForce Ò Quantitative Nanomechanical Property Mapping (PF-QNM), has made possible mapping of physical and mechanical properties of the surface in addition to topography [10, 11] . In the PeakForce Ò measurement [10, 11] , the piezo scanner makes the sample oscillate, resulting in force vs. separation data generated in every ''tap''. From the resulting force curves, contact mechanical and surface properties such as adhesion are pixelwise obtained, with a nanometer-scale lateral resolution [12] [13] [14] [15] . The PeakForce Ò QNM can operate in normal condition in contrast with other surface analysis techniques that require UHV conditions. Therefore this in-situ AFM study of the alloy in corrosion solution provides real time information about local corrosion events with nano scale resolution.
In a broad sense, the measured adhesion depends on the material pair and their interfacial properties, such as roughness, surface energy and cleanliness [16] . When the surfaces are immersed in liquid, the interaction can be tuned due to the contribution of surface interactions, such as double-layer, solvation, hydration, hydrophobic, specific, steric, depletion and bridging forces [17, 18] .
The interpretation of adhesion forces is still challenging but they can provide useful information about the surface properties, as well as allowing understanding, prediction and control of surface processes such as corrosion initiation. FeCrVN is a new N-based experimental tool alloy utilizing the beneficial effects of N to form nitride hard phase particles, and to improve the passivity to gain enhanced corrosion resistance, as compared to traditional C-based tool alloys.
In this article, the adhesion properties of a FeCrVN experimental tool alloy were studied with PeakForce Ò QNM in pure water and sodium chloride solution in order to provide insight into the corrosion initiation process.
Experimental

Material and sample preparation
The FeCrVN tool alloy, the overall chemical composition of which is given in Table 1 , was provided by Uddeholm AB, Sweden. The material is a N-based experimental alloy designed to form nitrides instead of carbides, such as chromium nitrides. Nitrogen is alloyed into the steel by solid state nitriding using ammonia gas at 550-600°C. The sample was heat treated in a vacuum furnace and austenised at 1080°C. It was then quenched, (800-500°C, 100 s) followed by deep cooling in liquid nitrogen, and subsequently tempered twice at 200°C for 2 h. This gave a hardness of 61 HRC (Rockwell Hardness C scale). Prior to the in-situ AFM measurements, the sample surface was wet-ground with SiC paper sequentially to 2400 grit, and then polished using diamond paste up to 0.25 lm. After that, the sample was cleaned ultrasonically in acetone (purity P 99.5% Sigma-Aldrich) followed by rinsing with ethanol (99.5%. Kemetyl, Haninge, Sweden), and then drying with N 2 .
SEM/EDS characterization of microstructure
An FEI QUANTA 600F FEG scanning electron microscope (SEM) (FEI, Oregon, NE) was used to characterize the microstructure and chemical composition of the experimental alloy. The images are obtained in backscattering electron mode (BSE) in which the contrast is caused by different atomic weight of alloying elements in every pixel. The energy dispersive spectroscopy (EDS) analysis was performed to quantify alloying elements in different phases. The EDS analysis was performed at an acceleration voltage of 20 keV.
Kelvin Force Microscopy analysis of relative nobility
An Agilent 5500 atomic force microscope with MAC III unit (Agilent Technologies, Santa Clara, CA) was used for Volta potential measurements. This instrument has three lock-in amplifiers (LIAs) which make it possible to record the topography and Volta potential data simultaneously during a single scan but at different defined frequencies. The physical principal and detailed experimental setup of the KFM (Kelvin Force Microscopy) measurements have been reported elsewhere [19] . A conductive probe, PtIrcoated Si, was used for these measurements. The cantilever spring constant was nominally 1-5 N/m with resonance frequency of 60-100 kHz according to manufacturer's specifications. The Volta potential was recorded at operating frequency of 10 kHz. The KFM measurements were performed at room temperature (23-25°C) and relative humidity of around 30%.
In-situ imaging
PeakForce
Ò QNM has been used for in-situ study of pre-pitting events of the alloy. Using this technique, it is possible to map physical and mechanical material properties simultaneously. In PeakForce Ò , the sample surface is moved towards the tip, in contrast to conventional tapping mode AFM. This technique is explained in detail in other publications [13, 14, 20, 21] . Briefly, the surface is moved in a sinusoidal manner with the amplitude of approximately 150 nm at a frequency in the range 1-2 kHz. The maximum deflections of the cantilever (the peak force) are kept constant with a feedback system, while the cantilever deflection and piezo position are recorded continuously during the scanning of the surface. Subsequently, by measuring optical lever sensitivity and cantilever spring constant the cantilever deflection and piezo position data can be converted to force vs. distance curves [22] . These force measurements not only generate topographic information but also provide mechanical and surface properties, such as the adhesion that is extracted from the difference between the baseline and the minimum force during retraction [17, 23, 24] .
Nanometer scale lateral resolution images of surface topography and surface material properties were obtained using an atomic force microscope, Multimode, Nanoscope V, (Bruker Ò , Santa Barbara, CA), operating in PeakForce Ò QNM mode. Silicon tips, HQ:NSC36/ALBS, MikroMasch (Estonia), were used for all experiments. The cantilevers were coated on the reverse side with a reflective aluminum layer and have an n-type silicon etched (phosphorus doped) tip with a nominal radius of 10 nm. , and an image resolution of 512 Â 512 pixels. All AFM data analysis and data processing were made with the NanoScope Analysis software version 1.40.
Imaging considerations
To establish whether tip artefact needs to be considered as edge effect in adhesion images of features, a calculation has been performed to estimate the possible lateral extent of such an artefact. Fig. 1 corresponds to an AFM tip in contact with a Cr-Fe rich nitride where d is the height of the nitride, a is the angle of the tip with the surface, and x is the distance from the tip to the nitride wall. a (40°) was the nominal full tip cone angle and d (10.11 nm) was obtained from the cross section of a topographic AFM image (Fig. 4a) . Therefore, using the following Eq. (1)
it is possible to calculate the distance x. This value corresponds to the region where the tip is unable able to contact the surface but will instead make an edge contact with the feature, which could conceivably generate a lower adhesion, leading to artefact. The value obtained for x in this work is 4 nm, which means edge effects larger than this value can be considered real rather than artefact. Another source of artefacts is the resolution limit of the PeakForce Ò QNM technique. During measurement, the tip contacts the surface four times every 20 nm and the adhesion values extracted from these force curves are averaged, providing a single adhesion value contained in every pixel. Since a pixel of 20 nm thus contains reliable adhesion information, any features larger than this scale cannot be due to resolution artefacts. Finally, as the resolution and tip were the most important sources for artefact in Fig. 4b , we can thus rule out artefact as the origin of these regions.
Result and discussion
Microstructure and corrosion tendency
Figs. 2a and 3 are back-scatter SEM images, (obtained by EDS analysis) of the individual phases present in the FeCrVN alloy.
The alloy contains particles with a size of 0.5-3.0 lm, which are enriched in chromium and nitrogen, thought to be hard phase particles, and which will henceforth be referred to as nitride particles. These particles are distributed in an iron-based martensitic matrix.
The nitride particles have two different compositions ( Table 2 ). The darker ones in Fig. 2a are more enriched in vanadium and nitrogen, and lighter ones are more enriched in chromium and molybdenum.
The Volta potential image in Fig. 2b , obtained from the KFM measurement, shows that the nitride particles have a higher Volta potential than the alloy matrix. Furthermore, those darker nitride particles (enriched in vanadium and nitrogen) exhibit higher Volta potential in the SEM image than lighter nitride particles, as reported previously [25] . Thus, it would be expected that under corrosive conditions the different nitride particles would likely show a different tendency to corrosion. Corrosion is more likely to be initiated in the areas having lower Volta potential, i.e., lower relative nobility [25] [26] [27] [28] . Fig. 2 . There also appears to be a region displaying lower adhesion surrounding the particles that show high adhesion. The vanadium and nitrogen contents are very important parameters that affect the properties of the studied alloy because they are responsible for formation of vanadium nitride (VN), of which one characteristic is low adhesion [29] . In this case, most likely the particles exhibiting the low level of adhesion are the darker nitride particles (rich in V and N), and the other particles showing a higher level of adhesion are the ones that contain less vanadium and nitrogen. The good tribological properties of VN at high temperature have been related to the formation of surface oxide with crystallographic planes easy to shear [30] . Vitos et al. [31] have also demonstrated theoretically that VN is prone to lower adhesion than for example TiN. However, the origins of the tribological properties of this type of nitride are still not fully understood.
Adhesion in water vs. microstructure
The concurrent topography and adhesion images in Fig. 4 show the relationship between the adhesion variation and microstructure of the tool alloy. For simplicity, we will further refer to the two types of hard phase particles as Cr-V rich and Cr-Fe rich nitrides, which are indicated in Fig. 4 by closed and open white circles, respectively.
An interesting observation in Fig. 4b is the lower adhesion regions surrounding the nitrides. A possible explanation is that these low adhesion corona regions have a different microstructure or a higher surface charge than the matrix and the nitrides. This effect likely leads to a decrease in the adhesion. However, this effect is not fully understood and is probably related to a transition in composition between the matrix and the particles. Often it is argued that the boundary regions are matrix which is depleted in chromium and nitrogen. It is well known that chromium and nitrogen are important alloying elements that can enhance the passivity of stainless steels [32] [33] [34] , giving rise to a high corrosion resistance. During the formation of the nitride particles rich in chromium (see Fig. 2 ), these alloying elements may migrate from the surrounding areas in the metal matrix. This results in thin boundary regions between the particles and metal matrix that is depleted in the alloying elements [34] [35] [36] [37] , and therefore become weak sites with higher tendency to corrode. The extent of depletion in the boundary regions depends on the alloy composition, microstructure and heat treatment of the alloy. This description appears to be an oversimplification; the adhesion trends are not entirely consistent with such an argument. Both types of particles display coronas, of apparently different properties. It is more likely that there is a relative change in the composition in the vicinity of the particles, which causes a different microstructure, though to what extent this depends on depletion and of which species is still impossible to assess.
It is also necessary to rule out boundary artefacts as the source of the coronas. It is not inconceivable that the low adhesion in the corona regions around the nitrides could be an artefact generated by the tip interacting with the border of the particle, or related to tracking of the surface by the tip. Such artefacts are common in AFM images. In the preceding section, we discuss the possible geometry of such an artefact. As discussed above, the artefact size is considerably smaller than the corona width thus we conclude that the coronas are not an artefact. (If the artefact resulted from the tip side striking the raised particle edge then a corona of the order of a few nm to possibly tens of nm would be expected (Fig. 1) and not the 100 nm observed in Fig. 4b ).
Pre-pitting events
Following the AFM imaging in water, 0.1 M NaCl solution was injected in the liquid cell, and after a waiting time of 60 min the alloy surface was imaged by PeakForce Ò QNM mode at different time intervals to investigate the effect of NaCl on the alloy. Fig. 4c displays the surface topography which is almost identical to the case in water immersion (Fig. 4a) with the exception that more very small particles appeared (see arrows in Fig. 4c ) on the matrix and around the nitride particles (especially the Cr-V rich nitride particles). In marked contrast, the adhesion data in Fig. 4d indicates that significant changes have taken place on the surface since the adhesion of all three regions dropped dramatically. This was most prevalent for the case of the matrix where the adhesion decreased from 19.98 to 0.95 nN, and became very similar to that for the Cr-V rich nitride particles, such that the adhesion force contrast between the matrix and these particles almost disappeared. This shows clearly a pronounced effect of salt on the adhesion properties of the alloy, which is also related to the microstructure. After a second scan which took 8 min, Fig. 4e-f shows that the surface topography and adhesion are rather similar to the previous case. However, the contrast between the regions is even further reduced, and Fig. 4f shows some specific areas located mostly in the matrix and around the Cr-V rich nitride particles with very low adhesion -around 1 nN. After a further 22 min (total immersion 82 min), the same region of the alloy was imaged again, and Fig. 4g -h shows drastic differences with respect to Fig. 4e-f . First, the topography image loses quality due to appearance of the horizontal line artefacts in Fig. 4g . Second, Fig. 4h shows that the adhesion of all the three regions decreases and the image loses resolution because of the horizontal line artefacts. In all the adhesion images obtained in NaCl solution, small spot features are observed spreading on the surface (see arrows in Fig. 4e ). After 90 min the nanospots preclude imaging of the surface, due to the loose particles becoming attached to the cantilever [38] .
RMS adhesion for the three regions was plotted with respect to RMS roughness for the measurements performed in air and NaCl (68 min immersion, Fig. 4e-f) in Fig. 5 . From this it is clear that roughness per se is not the primary explanation of the relative magnitudes of the adhesion values observed, and that these differences thus reflect the differing compositions of the various constituents (Fig. 2 ).
An earlier study showed that pitting can initiate and develop in these matrix areas under accelerated conditions in a similar NaCl solution [25] . However the height images show that the small features (size range tens of nanometres) protrude from the surface and cannot thus be considered as pitting phenomena per se. The adhesion values of most of the small particles are lower than both the nitride particles and the alloy matrix. We hypothesize that these spots are related to pre-pitting events occurring on the alloy surface in the NaCl solution, probably formation of some kind of oxide, hydroxide, and/or chloride complex compounds.
When the NaCl solution replaced pure water, several new interactions may have affected the adhesion. Fig. 4d shows that the overall adhesion decreases, this is likely a consequence of hydration forces generated by cations adsorbed on the surfaces. To understand the changes in adhesion due to cation adsorption, the surface chemistry of silicon (the material of the imaging tip) and the alloy surface has to be taken into account. The surfaces of silicon and the alloy oxidize when they are in contact with oxygen, and the oxide layers change after water exposure. Silicon reacts with atmospheric oxygen forming silicon dioxide, which gets hydrolyzed by water, forming silanol groups on the surface. Afterwards they ionize, inducing a negative charge on the surface through the following reaction [39, 40] .
Thus, the native oxide layer formed on the silicon cantilever is negatively charged, and after immersion in NaCl solution attracts and accumulates hydrated Na + ions.
The alloy outer surface is also oxidized and forms an oxide-like passive film on the surface in contact with water. This passive layer is an hydrated oxide film with a gel-like structure that contains a large amount of bonded water with different bridging structures, such as H 2 O-M-H 2 O, -OH-M-OH-and -O-M-O- [7, 41] . In the NaCl solution, the Cl À ions attack the passive film, especially at the weak sites, so that gradually the surface oxide film (at least locally) is transformed into a layer of metal-salt or corrosion product, which can be assumed to be negatively charged [42] and also attracts and accumulates hydrated Na + ions.
When the cantilever tip and the alloy surface achieve contact, the interaction between the hydrated surfaces generates a repulsion or hydration force [17, 18, 43, 44] that could be responsible for the decrease in adhesion, since it (i) prevents intimate contact of the surfaces and (ii) adds an additional repulsive component to the adhesive van der Waals force. The hydration force appears to be region specific, and is thus related to the microstructure of the alloy.
Moreover, the passive oxide layer formed on the matrix area with lower chromium content is less stable in NaCl solution [25] , and is thus the region with highest tendency to transform to the metal salt or corrosion products. Therefore, the adhesion drop in the matrix area between the nitride particles makes the adhesion in this region similar to the Cr-V rich nitride regions. It follows that the boundary regions exhibit a low level of adhesion in the NaCl solution. We speculate that the nanoparticles with very low adhesion observed in (Fig. 4c-e-g ) have a high iron content, and that their preferential location on the borders of the depleted regions and on the matrix is related to a higher propensity for dissolution, due to the more fragile passivation layer in these regions. Thus their presence is an early indication of the corrosion process that when more fully advanced eventually leads to pitting. The pitting may even be encouraged by the presence of the particles which may locally affect for example the surface charge.
The corrosion process of this tool alloy generally manifests as metal dissolution and pitting formation [25, 42] , but in this study small protruding nanoparticles appeared on the surface, which mostly correspond to spots of very low adhesion values. These local areas with very low adhesion are located mostly on the matrix and around the nitride particles (Fig. 4f) , which correspond to regions with deficiency of Cr [25] . Likely, pre-pitting events preferentially take place in these areas, resulting in higher concentration of negatively charged corrosion products that lead to stronger hydration forces and thus lower adhesion, as described previously. Further study is necessary to verify this hypothesis, while the challenge is the in-situ chemical analysis of such small features on the surface.
Conclusions
The fact that adhesion provides good contrast between different alloy regions, and furthermore is highly sensitive to the corrosion environment means that the approach of local nanomechanical properties mapping provides a new tool for in-situ study of corrosion initiation. The images obtained when the alloy was immersed in pure water and in a NaCl solution reveal the variations in the adhesion corresponding to the microstructure, as well as the changes related to pre-pitting events occurring on the alloy surface. This approach furthermore provides new insights into the corrosion initiation mechanism based on the passivity breakdown of alloys caused by chloride ions, due to the observation and time dependence of the prepitting corrosion products.
In pure water, the alloy surface is stable, and alloy matrix and Cr-Fe rich nitride particles show high adhesion, while the Cr-V rich nitride particles exhibit low adhesion. Some boundary regions surrounding the nitrides particles also exhibit low adhesion.
The decrease in adhesion upon immersion in the NaCl solution, is a result of interactions between the oxidized alloy surface and ions (Na + and Cl À ) in the solution, which involve the formation of charged reaction products on the surface, and hydration forces with the ionized surface tip that mask adhesion. These repulsive interactions are region specific and increase with chromium depletion in matrix and phase boundary regions of the alloy surface where pre-pitting events take place preferentially.
